Introduction
Several plant species in the genus Isodon (Lamiaceae) have been 15 used as traditional Chinese medicines, and I. rubescens is among the most popular ones used in China. The plant has been widely used in China for treatment of respiratory and gastrointestinal inflammation, bacterial infection and cancer diseases. 1 Phytochemical study of this species has led to the identification 20 of more than 200 ent-kaurane diterpenes. 1, 2 An herbal formulation, made from the extract of the whole plant of this herb has been developed as a Chinese medicine to treat sore throat and inflammation. 3 Since the plant has been extensively used as a Chinese folk medicine against bacteria, we reasoned that potent 25 antibacterial compounds might exist in this plant. Indeed, our study showed that the extracts prepared from I. rubescens plant materials collected in two different locations displayed more than 90 % inhibition against biofilm formation by Streptococcus mutans at a concentration of 25 g/mL, which promted us to 30 further study this plant in order to identify the antibacterial compounds.
Our previous phytochemical investigations on this plant discovered two novel rubesane diterpenoids: rubesanolides A and B, which contain an unprecedented β-lactone group formed 35 between C-9 and C-20.. 4 In our ongoing search for antibacterial and anti-biofilm compounds from this plant, we isolated three novel abietane diterpenoids, rubesanolides C-E (1-3), which formed a unique γ-lactone group between C-8 and C-20H This is the first time an abietane diterpene with a such group has been 40 discovered in the genus Isodon. The compounds have been evaluated for cytotoxicity, antibacterial and anti-biofilm activity. Among them, rubesanolide D (2) demonstrated inhibitory activity against biofilm formation by the dental bacterium Streptococcus mutans with an MIC value at 0.5 mg/mL. The current paper 45 reports the isolation, structure elucidation and biological evaluation of these novel compounds.
Results and discussion
The MeOH extract made from the leaves of I. rubescens was absorbed on silica gel and subjected to separation by a silica gel 50 column, eluted with a petroleum ether/EtOAc gradient to yield fractions A-E. Fraction B was repeatedly chromatographed over silica gel columns and recrystallizaed to yield the pure compounds rubesanolides C-E (1-3). in the DEPT spectra. On the basis of these data and chemotaxonomic considerations, compound 1 was determined to be a diterpenoid. The presence of the HMBC correlations from the proton at δH 5.32 (H-14) to C-7, -8, -9, -12, and -15 and from the methine proton at δH 2.29 (H-15) to C-13, -14 -16 and -17 indicated that the carbon-carbon double bond is located at C-13 and C-14 (Fig.   15 1). The presence of the HMBC correlations of H2-1 and H-5 to the 13 C NMR signal at δC 178.8 (s) determined the carbonyl carbon at C-20. The presence of the HMBC correlations from the proton at δH 4.21 to the 13 C NMR signals at δC 38.5 (C-5), 77.6 (C-8), 77.5 (C-9), and 115.1 (C-14), and from H2-6 and H-14 to 20 the 13 C NMR signal at δC 73.4 indicated a hydroxy group at C-7. The presence of the HMBC correlations from the proton at δH 5.06 (br s, OH) to the 13 C NMR signals at δC 77.6 (C-8), 77.5 (C-9), and 27.1 (C-11), and from H-1, H-5, H-7, H-12, and H-14 to the 13 C NMR signal at δC 77.5 indicated a hydroxy group at C-25 9. The 13 C NMR chemical signal of C-5 was significantly shifted to upfield by the γ-steric compression effects from 7-OH and 9-OH (see compound 3). When the three rings and the two double bonds (the carbonyl group and the carbon-carbon double bond) were considered, an additional double-bond equivalent remained 30 undefined in the compound. This undefined double-bond equivalent must belong to an additional ring since no other double bond was observed in the NMR spectra. The additional ring was determined as a γ-lactone group formed between C-8 and C-20. The relative stereochemistry of 1 was further 35 determined by a ROESY experiment (Fig. 1 ). In the ROESY spectrum, the presence of the correlations between H-5 and H-1α/H3-18/9-OH, between 9-OH and H-5α/H-12α, and between H-7 and H-14 determined H-5, 7-OH and 9-OH all as α-oriented. The CD spectrum of 1 showed a positive Cotton effect (235 nm 40 Δε + 1.13, 217 nm, Δε − 3.05) indicative of the π → π* and n → π* exiton of the double bond and the γ-lactone group. These split CD signals suggested C-8 and C-10 as S and R configurations respectively,H 5 H which, together with the large optical rotation datum, determined 1 as an abietane deterpenoid.
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To confirm the structure and the sterochemistry, 1 was crystallized in MeOH to afford a crystal of the monoclinic space group P212121, which was analyzed by X-ray crystallography (Fig. 2) . The absolute configuration was determined by the measurement of the Flack parameter, which is calculated during
OH the structural refinement. 5, 6 In our study, the final refinement on the Cu Kα data of the crystal of 1 resulted in a Flack parameter of 0.03 (17), allowing an unambiguous assignment of the absolute structure as shown in Fig. 1 . 4 The six chiral centers, C-5, C-7, C-8, C-9, C-10, were thus determined as S, R, S, S, R, respectively. 5 Accordingly, the structure of 1 was established and given the trivial name rubesanolide C. the γ-steric compression effect of 9-OH also resulted in the upfield shift of the C-5 signal. In the ROESY spectrum, the presence of the correlations between H-5 and H-1α/H-3α/H3-18 determined H-5 as α-oriented (Fig. 3) . The CD spectrum of 2 showed a split Cotton effect, indicative of exciton coupling 35 between the n → π* transition of the γ-lactone and the n → π* transition of the cross conjugated dienone system with positive chirality (236 nm, Δε + 0.61 and 216 nm, Δε − 6.27) (Fig. 4) . This split CD suggested the absolute stereochemistry of both C-8 and C-10 to be R by comparison with the CD spectral data of 1. The 40 other two chiral centers, C-5 and C-9, were thus both determined as S. Accordingly, the structure of 2 was established and given the trivial name rubesanolide D. + , found 302.2206, calcd 302.2246). The IR spectrum of 3 showed an absorption band at 1750 cm -1 , indicating the presence of an ester carbonyl group. The compound showed similar 1 H and 13 C NMR spectroscopic data to those of 2 (Tables  1 and 2 ), suggesting structural similarity between 2 and 3. The 85 only difference of 3 from 2 is that 3 showed no hydroxy group at C-9, which resulted in the appearance of an additional methine carbon signal at δC 54.7 in 3. The HMBC correlations from H-5, H2-6, H-11 and H-14 to the 13 C NMR signal at δC 54.7 determined the methane carbon as C-9 (Fig. 5) . In the ROESY 90 spectrum, the presence of the correlations between H-5 and H-1α/H-3α/H3-18 determined H-5 as α-oriented. Finally, compound 3 was crystallized in MeOH to afford a 5 crystal of the monoclinic space group P21, which was analyzed by X-ray crystallography (Fig. 6 ). The relative configuration was determined by the measurement of the Flack parameter, which is calculated during the structural refinement. 6, 7 In our study, the final refinement on the Mo Kα data of the crystal of 3 resulted in 10 a Flack parameter of 10 (10), allowing an unambiguous assignment of the relative structure. Accordingly, the structure of 3 was established and given the trivial name rubesanolide E.
15

Fig. 6
Single-crystal X-ray structure of 3. A plausible biogenetic pathway for 1, 2 and 3 was proposed (Scheme 1) in which the three compounds might be derived from lophanic acid (4). 4, 7 The carbon-carbon double bond of lophanic acid (4) is transformed by monoxygenase to an epoxide, which is 20 converted to dihydroxyl groups by epoxide hydratase. Lactonization of one of the hydroxyl groups (8-OH) with the C-20 carboxylic acid group then results in a γ-lactone group. The γ-lactone intermediate undergoes a series of reactions including another hydroxylation and dehydroxylation to produce 25 rubesanolides C (1), D (2) and E (3).
Compounds 1-3 were evaluated for their cytotoxicity against three human tumor cell lines, including K562, A549 and MCF7. However, no cytotoxicity against these cell lines were observed for the three compounds at a concentration of 20 g/mL. The 30 compounds were further evaluated for their antibacterial and antibiofilm potential against the dental pathogen S. mutans. Compound 2, at 25 g/mL, was found to be able to inhibit biofilm formation, whereas the MIC was considerably higher at 0.5 mg/mL. This suggests that the mechanism behind prevention 35 of biofilm formation is distinct from that which inhibits growth of the organism. 
Experimental section General
Melting points were obtained on a XRC-1 micro melting point 60 apparatus and were uncorrected. Optical rotations were measured with a Horiba SEPA-300 polarimeter. UV spectra were obtained using a Shimadzu UV-2401A spectrophotometer. CD spectra were tested using a Chirascan Circular Dichroism spectrometer. A Tenor 27 spectrophotometer was used for scanning IR 65 spectroscopy with KBr pellets. X-ray data were determined using a Bruker APEX DUO instrument. 1D and 2D NMR spectra were recorded on INOVA 400 and ZJEOL ECX-500 spectrometers. Unless otherwise specified, chemical shifts (δ) were expressed in ppm with reference to the solvent signals. Mass spectra were 70 performed on a VG Autospec-3000 spectrometer at 70 eV. Column chromatography was performed on silica gel (200-300 mesh; Qingdao Marine Chemical Inc., Qingdao, People's Republic of China). Thin-layer chromatography (TLC) was carried out on silica gel 60 F254 on glass plates (Qingdao Marine 75 Chemical Inc.) using various solvent systems and spots were visualized by heating the silica gel plates sprayed with 95-98% H2SO4-EtOH (V/V = 10:90).
Plant material
The stems of I. rubescens were collected in Longli, Guizhou Tables 1 and 2 methods as previously reported.
Antibacterial and anti-biofilm assays
Inhibition of growth was determined using a microdilution assay in sterile 96-well microtiter plates. were incubated anaerobically for 24 h at 37 °C. 20 uL cultures from wells were then inoculated on BHI agar plates and incubated anaerobically for 48 h at 37°C. The MIC was defined as the lowest concentration of test agent at which no growth was observed on the BHI plates. Inhibition of biofilm formation was 90 also tested in 96-well microtiter plates. Each well contained 85 µL of chemically defined medium (SAFC Biosciences, Lenexa, KS) containing 1% sucrose, 10 µL overnight culture of S. mutans UA159 (OD600=0.1), and 5 µL of the test extract at 25 µg/mL. Control wells used 5 µL of the diluent DMSO. The plates were 95 incubated 24 h at 37 °C in a CO2 (5%) incubator to allow biofilm development. The planktonic phase was aspirated and 100 µL 0.1% crystal violet was added and allowed to stain the biofilm for 10 minutes at room temperature. The crystal violet was aspirated, and the plates washed 3 times by submerging in water and then 100 air dried for 10 minutes. 50 µL of 33% acetic acid was added to each well and the plate placed on a rocker for 15 minutes to "destain" the biofilm. 25 µL was then removed to a new 96-well plate containing 25 µL water per well, and the OD measured at 550 nm. The intensities of the ODs in the test wells were 105 compared to the OD in the control well.
Conclusions
In summary, this paper describes the isolation and structure elucidation of three novel abietane diterpenoids, rubsanolids C-E (1-3). The structures and absolute stereochemistry were 110 elucidated by NMR spectroscopic data, and were confirmed by CD spectral data as well as by X-ray crystallographic analysis.
No cytotoxicity was observed for the three compounds at a concentration of 20 µg/mL, which warranted further study of the compounds as biofilm inhibitors against dental pathengens. Compound 2 reduced biofilm formation by the dental pathogen S. mutans by over 90% at a concentration of 25 µg/mL when part of 5 an extract. The anti-biofilm activity appeared to be distinct from growth inhibition which required a much higher dose of 500 µg/mL. 
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